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HIGHLIGHTS 


►  Anodes  are  made  by  rolling  a-FeOOH  into  activated  carbon  on  stainless  steel  mesh. 

►  The  addition  of  a-FeOOH  in  anode  increases  the  maximum  power  density  by  36%. 

►  a-FeOOH  in  the  anode  accelerated  the  extracellular  electron  transfer. 

►  Excess  a-FeOOH  resulted  in  the  decay  of  performance. 
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Nano  goethite  with  contents  of  0,  2.5%,  5.0%  and  7.5%  (mass  percentage)  were  added  into  activate  carbon 
powder  (AC)  and  rolled  onto  stainless  steel  mesh  to  fabricate  new  anodes  for  microbial  fuel  cells  (MFCs). 
The  maximum  power  density  of  MFC  with  5.0%  a-FeOOH  (693  ±  20  mW  m-2)  is  36%  higher  than  that  of 
the  AC  control  (508  ±  40  mW  m-2).  Based  on  the  decrease  of  charge  transfer  resistance  and  the  increases 
of  both  exchange  current  density  and  anodic  peak  current  in  electrochemical  impedance  and  polarization 
tests,  the  addition  of  nano  a-FeOOH  kinetically  promotes  the  extracellular  electron  transfer  between 
bacteria  and  the  electrode.  The  increase  of  constant-phase  element  and  the  decrease  of  Warburg  element 
show  that  a-FeOOH  enhances  both  the  capacitance  and  diffusion  condition  on  the  surface  of  anode. 
However,  the  excess  a-FeOOH  of  7.5%  incurs  a  negative  effect  on  surface  conductivity,  capacitance  and 
diffusion,  probably  due  to  the  adsorption  of  biogenic  Fe(II)  on  the  anodic  surface. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Microbial  fuel  cell  (MFC)  is  a  promising  technology  for  waste- 
water  treatment  and  bioenergy  production  [1].  Various  novel 
MFCs  have  been  developed  to  produce  hydrogen  (microbial 
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electrolysis  cells,  MECs  [2]),  to  desalinate  water  (microbial  desa¬ 
lination  cells,  MDCs  [3,4]),  or  to  power  wireless  sensors  [5].  All 
these  bioelectrochemical  systems  share  the  key  feature  that  the 
electron  transfer  from  organic  matter  to  electrodes  (anodes)  is 
catalyzed  by  bacteria.  Therefore,  improving  the  anodic  perfor¬ 
mance  is  critical  for  the  future  application  of  MFCs  [6].  Among 
those  factors  related  with  anode  performance,  anode  material 
plays  an  important  role.  To  enhance  the  anodic  performance, 
exogenous  electron  shuttles  such  as  AQDS,  quinone,  humic  acid 
and  neutral  red  have  been  used  to  facilitate  indirect  electron 
transfer  to  anode  [7,8].  However,  these  mediators  are  usually 
expensive,  toxic  and  easily  washed  away,  resulted  in  extra  opera¬ 
tional  losses  [9].  Therefore,  to  accelerate  the  direct  electron 
transfer  on  anode  is  much  more  significant  [10,11]. 
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The  exoelectrogenic  bacteria  in  MFCs,  which  mainly  consist  of 
dissimilatory  metal-reducing  bacteria  (DIRB),  like  Shewanella  and 
Geobacter  species,  are  able  to  transport  respiratory  electron  and 
conserve  energy  [12].  This  type  of  electron  transfer,  named  extra¬ 
cellular  electron  transfer  (EET),  has  currently  attracted  considerable 
attention.  Electrons  obtained  from  anaerobic  oxidation  are  deliv¬ 
ered  from  inner  membrane  to  periplasm  and  outer  membrane 
through  electron  transport  proteins,  such  as  c-type  cytochromes  (c- 
Cyts),  toward  the  anode  surface  [13].  It  has  been  experimentally 
demonstrated  that  outer  membrane  c-type  cytochromes  (OM  c- 
Cyts)  have  a  high  binding  affinity  to  Fe(III)  oxide  [14,15].  Further¬ 
more,  Fe(III)  oxide  can  be  recognized  by  DIRB  [16]  and  utilized  as 
electron  shuttle  to  reduce  distant  terminal  acceptors  [17,18].  The 
role  of  OM  c-Cyts  for  respiratory  Fe(III)  oxide  reduction  has  also 
been  suggested  by  Mehta  et  al.  [19]  and  Xiong  et  al.  [15].  Lowy  et  al. 
[8]  found  that  the  modification  of  anode  by  Fe304  enhanced  the 
kinetic  activity  by  120%  compared  to  that  of  the  unmodified  anode 
in  sediment  MFCs.  Ji  et  al.  [20]  also  reported  that  the  Fe203  elec¬ 
trode  prepared  by  layer-by-layer  self-assembly  technique  can  be 
used  as  the  anode  to  produce  320%  enhancement  comparing  with 
the  bare  anode.  Our  previous  study  [21  ]  illustrated  that  the  addition 
of  nano  Fe304  to  anodes  enhanced  the  power  density  by  22%  from 
664  ±  17  mW  m~2  to  809  ±  5  mW  m-2,  probably  due  to  the 
improvement  of  both  kinetic  activity  and  capacitance. 

Currently,  nanostructure  materials  have  received  more  and 
more  attention  as  promising  anodes  of  MFCs  [22-24].  Here  we 
fabricated  an  activated  carbon  powder  (AC)/nano  a-FeOOH/stain- 
less  steel  mesh  (SSM)  composite  anode  for  power  generation.  The 
SSM  was  utilized  as  both  matrix  and  current  collector.  The  goethite 
(a-FeOOH),  an  iron  oxide  with  lower  solubility  in  water  than 
magnetite  [25]  and  hematite  [26],  was  functioned  mainly  as 
a  promoter  for  EET  acceleration.  The  effect  of  a-FeOOH  content  on 
MFC  performance  was  investigated  and  the  mechanisms  were  also 
discussed  based  on  bio-electrochemical  tests. 

2.  Materials  and  methods 

2.1.  Preparation  of  a-FeOOH 

All  reagents  were  analytical  grade  and  were  used  without 
further  purification.  Manipulations  and  reactions  were  carried  out 
in  air  without  the  protection  of  nitrogen  or  other  inert  gas.  In 
a  typical  synthesis,  2.1  g  of  FeS04-7H20  was  dissolved  into  18  mL  of 
30  wt  %  H202  under  stirring  for  20  min.  After  that,  the  mixture  was 
transferred  into  a  50  mL  Teflon-lined  autoclave,  sealed,  and  then 
heated  to  150  °C  for  6  h.  After  being  cooled  down  to  room 
temperature  naturally,  the  products  were  collected  by  centrifuga¬ 
tion  and  sequentially  washed  with  deionized  water  and  ethanol 
several  times.  Finally,  the  products  were  dried  under  vacuum  at 
80  °C  for  further  application. 

2.2.  Preparation  of  MFCs  anodes 

The  anodes  were  prepared  according  to  the  following  proce¬ 
dures.  a-FeOOH  and  AC  powder  were  mixed  with  mass  percentage 
of  0,  2.5%,  5.0%  and  7.5%  of  oc-FeOOH,  dispersed  into  25  mL  of 
ethanol  for  each  sample,  and  33  pL  polytetrafluoroethylene  (PTFE; 
60  wt  %;  Horizon  Ltd,  Shanghai,  China)  per  gram  mixture  was 
added  drop  by  drop  under  a  water  bath  of  80  °C.  When  the  mixture 
became  a  homogeneous  doughlike  paste,  it  was  roll-pressed  into 
a  sheet  with  0.2  mm  in  thickness  as  previously  described  [21,27]. 
Finally,  the  sheet  was  roll-pressed  onto  a  SSM  (type  304L,  80  x  80, 
thickness  of  0.2  mm)  current  collector.  The  prepared  anodes  were 
finally  cut  into  circles  with  the  diameter  of  4  cm  for  the  following 
utilization  in  MFCs. 


2.3.  MFC  setup  and  operation 

Each  membrane-less  single  chambered  MFC  was  fabricated  with 
a  total  volume  of  28  mL  as  described  by  Liu  and  Logan  [28].  The 
prepared  electrodes  with  different  a-FeOOH  contents  were  used  as 
MFC  anodes  with  the  Fe-free  anode  as  the  control.  Air-cathode  was 
made  of  carbon  mesh  (10  wt  %  wet  proof,  Jilin  Carbon  Plant  Co.  Ltd, 
China)  with  four  PTFE  diffusion  layers  and  0.5  mg  cm-2  platinum 
loaded  as  catalyst  according  to  Wang  et  al.  [29].  Anode  and  cathode 
were  connected  to  a  1  1<Q  resistor  (except  as  noted)  using  titanium 
wire  with  an  electrode  spacing  of  4  cm. 

MFCs  were  initially  inoculated  using  a  pre-acclimated  cell 
suspension  from  MFCs  fed  with  acetate  for  3  months  and  operated 
in  batch  mode.  The  inoculation  was  switched  into  50  mM  phos¬ 
phate  buffer  solution  (PBS)  medium  until  the  cell  voltage  was 
higher  than  300  mV.  MFC  was  considered  for  testing  when  similar 
cell  voltage  was  produced  over  three  consecutive  cycles.  The  PBS 
medium  contains  (g  L^1):  Na2HP04  4.576,  NaH2P04  H20  3.321, 
NH4C1  0.31,  KCl  0.13,  trace  minerals  and  vitamins  [30]  and  1  g  L-1 
sodium  acetate.  All  the  reactors  were  operated  in  a  30  ±  0.5  °C 
temperature-controlled  biochemical  incubator  in  duplicate. 

2.4.  Analysis 

The  voltages  across  resistors  were  recorded  every  30  min  using 
a  date  acquisition  system  (PISO-813,  ICP  DAS  Co.,  Ltd.).  Anode  and 
cathode  potentials  were  obtained  using  Ag/AgCl  as  reference 
electrode  (+197  mV,  saturated  KCl,  versus  standard  hydrogen 
electrode;  SHE).  Polarization  and  power  density  curves  were  ob¬ 
tained  by  changing  resistances  over  a  range  from  1000  to  50  Cl  The 
power  density  P  (mW  nrr2)  was  calculated  according  to  P  =  IV/ A. 
The  relative  decrease  in  anode  potential  (RDAP)  is  the  function  of 
the  applied  external  resistance.  Under  high  external  resistance,  the 
current  is  limited  by  the  external  resistance,  and  the  RDAP 
increases  linearly  with  the  decrease  of  external  resistance.  At  low 
external  resistance,  the  electron  delivered  to  the  cathode  is  limited 
by  kinetic  and/or  mass  transfer,  and  the  RDAP  increases  linearly 
with  different  slopes.  Once  the  external  and  internal  resistance 
limitations  are  equal,  a  horizontal  line  from  the  intersection  drew 
to  obtain  the  sustainable  resistance  and  evaluate  the  sustainable 
power  output  [31]. 

The  bio-electrochemical  measurements  were  conducted  in  situ 
by  employing  an  electrochemical  workstation  (CHI660D,  CH 
Instruments  Inc.,  China)  in  a  single  chambered  MFC  reactor,  with 
the  anode  as  the  working  electrode,  the  cathode  as  the  counter 
electrode,  and  an  Ag/AgCl  as  the  reference  electrode.  Electro¬ 
chemical  impedance  system  (EIS)  measurements  were  performed 
at  the  open  circuit  potentials  with  the  voltage  amplitude  of  5  mV 
over  the  frequency  range  from  100  kHz  to  0.01  Hz.  The  EIS  data  are 
simulated  by  Zsimpwin  software  (ver.  3.10).  The  equivalent  circuit 
model  (ECM)  is  proposed  in  Fig.  1  with  the  assumption  that  the 
anode  reaction  is  affected  by  both  reaction  kinetics  and  diffusion. 


Fig.  1.  The  proposed  equivalent  circuit  for  simulation  of  EIS  results. 
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The  parameter  Rs  represents  the  solution  resistance,  and  ftct  is  the 
charge  transfer  resistance.  Q.  is  the  constant-phase  element  (CPE) 
with  two  parameters,  Qdi  and  N,  where  Qdi  describes  the  non-ideal 
capacitance  behavior  distributed  along  the  pores  of  the  anodic 
surface,  and  N  is  used  as  a  gauge  of  surface  heterogeneity.  Zw  is 
Warburg  impedance.  Tafel  measurement  explains  the  kinetics  of 
the  electrode  reaction  with  different  a-FeOOH  content.  Tafel  plot 
was  recorded  by  sweeping  voltage  at  1  mV  s-1  from  the  open  circuit 
potential  (OCP)  of  the  anode  (versus  Ag/AgCl)  to  an  overpotential  of 
±80  mV  [8].  Tafel  equation  for  anodic  oxidation  and  reduction  can 
be  expressed  as  follows: 

Ini  sa#  lni0  ±  anFp/RT  (1) 

Ini  =  lni0  -  pnFp/RT  (2) 

where  p  is  the  activation  overpotential  (mV),  R  is  the  universal  gas 
constant  (8.314  J  mol-1  I<-1),  T  is  the  absolute  temperature  (I<), 
a  and  0  are  the  oxidative  and  reductive  transfer  coefficient,  n  is  the 
number  of  electrons  transferred  at  the  rate  determining  step,  F  is 
the  Faraday  constant  (96,485  C  mol-1),  i  is  the  current  density 
(A  cm-2)  and  i0  is  the  exchange  current  density  (A  cm-2).  Since 
( a  ±  j 6)  is  equal  to  n,  Tafel  slope  and  intercept,  io  and  n  can  be 
calculated  from  the  equations  above.  The  kinetic  activity  (KA)  of 
each  anode  was  calculated  by  normalizing  the  io  to  that  of  the  Fe- 
free  control  [8].  Cyclic  voltammetry  (CV)  response  of  the  biofilm 
was  recorded  under  acetate  saturation  condition.  CV  was  per¬ 
formed  by  applying  a  potential  ramp  at  a  scan  rate  of  0.1  mV  s-1 
over  the  potential  range  from  -0.8  to  0  V  (versus  Ag/AgCl).  First 
derivative  of  CV  (DCV)  was  derived  from  the  CV  data. 

3.  Results  and  discussion 

3.1.  Effect  of  a-FeOOH  content  on  power  generation 

Different  electrodes,  added  with  different  contents  of  a-FeOOH 
(0,  2.5%,  5.0%  and  7.5%)  were  simultaneously  implemented  as 
anodes  in  MFCs.  The  cell  voltages  increased  from  <10  mV  to  ca. 
500-530  mV  for  all  MFCs  during  20  days,  with  no  remarkable 
difference  observed  on  the  startup  time.  A  few  amount  of  Fe  was 
observed  (<2  mg  L-1)  during  the  start-up  period,  indicating  that 
the  Fe  leakage  was  neglectable  compared  to  the  total  amount  of  Fe. 
As  showed  in  Fig.  2A,  the  polarization  data  demonstrated  that  the 
maximum  power  density  (MPD)  was  significantly  increased  after  a- 
FeOOH  addition.  The  MPD  increased  by  36%  from 
508  ±  40  mW  m-2  (the  control)  to  a  maximum  of 
693  ±  20  mW  m-2  when  5.0%  a-FeOOH  was  added  into  anode. 
Increase  or  decrease  of  the  a-FeOOH  content  to  7.5%  or  2.5% 
resulted  in  decrease  in  MPD  to  639  ±  30  mW  m-2  or 
637  ±  51  mW  m-2. 

The  electrode  potentials  (Fig.  2B)  showed  that  the  differences  in 
MPDs  were  attributed  to  the  performance  of  anodes  but  not  cath¬ 
odes.  The  most  negative  anode  potential  was  achieved  with  the 
5.0%  a-FeOOH  added  anode,  followed  by  7.5%,  2.5%  and  the  control 
at  the  same  current  density,  with  these  differences  increased  at 
higher  current  densities.  It  was  noted  that  the  performance  of 
anode  was  enhanced  when  a-FeOOH  was  initially  added  (2.5%)  and 
increased  (5.0%),  however,  the  further  increment  in  a-FeOOH 
content  did  not  result  in  a  correspondent  improvement  on  anode 
performance.  This  phenomenon  was  also  confirmed  by  the 
following  bio-electrochemical  tests. 

When  the  external  resistance  varied  from  10  to  0.5  1<Q,  the 
lowest  increase  rate  of  35%  in  RDAP  (Fig.  3)  was  obtained  for  5.0%  a- 
FeOOH  added  anode,  followed  by  43%  and  45%  for  the  anodes  with 
a-FeOOH  contents  of  7.5%  and  2.5%,  while  50%  for  the  control, 


Current  density  (A  m  ) 


Fig.  2.  Polarization  and  power  density  curves  (A)  and  electrode  potential  curves  (B)  of 
MFCs  using  anodes  with  different  a-FeOOH  contents.  Error  bars  ±SD  were  based  on 
averages  measured  in  duplicate. 

indicating  that  the  addition  of  a-FeOOH  reduced  the  activation 
overpotential  of  cell  metabolism  at  high  external  resistance.  This 
was  in  accordance  with  the  results  from  polarization  curves.  When 
the  power  generated  by  the  MFC  equals  to  the  power  consumption 
for  an  extended  time,  the  MFC  system  is  at  a  steady  state  where  the 
power  generation  is  sustainable  [31  ].  Fig.  3  illustrated  that  all  the 
MFCs  had  similar  sustainable  resistance  of  4000  Q  in  concurrence 
with  similar  voltage  output  of  635  ±  2  mV,  and  with  corresponding 
sustainable  power  densities  of  144  ±  1.5  mW  m-2,  indicating  that 
the  addition  of  a-FeOOH  had  no  effect  on  the  sustainable  power 
output. 


3.2.  EIS  analysis 

Fig.  4  shows  the  typical  (both  experimental  and  modeled)  Nyquist 
impedance  spectra  of  anodes  with  different  a-FeOOH  contents  after 
the  MFCs  were  stable,  where  the  independent  axis  is  the  real 
impedance  (Zr(Q))  and  the  dependent  axis  is  the  imaginary  imped¬ 
ance  (-Zi(Q)).  All  the  parameters  were  reasonable  values  with  fit 
errors  of  <10%.  As  showed  in  Table  1,  the  internal  resistances 
decreased  after  a-FeOOH  addition.  It  was  showed  that  Rs  and  Rct 
decreased  by  25%  (7.6  Q)  and  37%  (16.6  Q)  for  5.0%  a-FeOOH  added 
anode  than  those  of  the  control  (10.2  and  26.2  Q).  Increase  or  decrease 
of  a-FeOOH  content  to  7.5%  or  2.5%  resulted  in  both  decrease  for  Rs  and 
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Fig.  3.  The  relative  decrease  in  anode  potential  of  MFCs  with  different  a-FeOOH 
contents. 

Rct  to  8.4  and  16.8  Q  or  7.7  and  25.6  Q,  indicating  that  the  a-FeOOH 
addition  decreased  the  anode  ohmic  resistance  and  facilitated  the 
charge  transfer  of  bioelectrochemical  reactions.  The  CPE  (related  with 
the  capacitance)  increased  from  3.0  x  10  5  Q-1  sN  cm-2  (the  control) 
as  follows:  4.5  x  10-5  Q-1  sN  cm-2  (7.5%  a-FeOOH  added), 
5.0  x  10-5  Q-1  sN  cm”2  (2.5%  oc-FeOOH  added),  and 

5.5  x  10-5  Q_1  sN  cm“2  (5.0%  oc-FeOOH  added).  The  value  ofN  for  each 


Table  1 

Fitting  results  of  anodes  with  different  a-FeOOH  contents  according  to  Nyquist  plots. 


a-FeOOH  content 

0  (control) 

2.5% 

5.0% 

7.5% 

Rs  (O) 

10.2 

7.7 

7.6 

8.4 

Rct  (O) 

26.2 

25.6 

16.6 

16.8 

Qdi  (10-5  CT1  sN  cm"2) 

3.0 

5.0 

5.5 

4.5 

W(Q  s"1/2) 

0.47 

0.42 

0.42 

0.46 

N 

0.59 

0.56 

0.54 

0.55 

anode  is  close  to  0.5,  suggesting  the  existence  of  Warburg  type 
impedance  Zw.  Here  Zw  is  related  to  the  electron  or  substrate  migra¬ 
tion  on  the  surface  of  the  anode,  and  the  Warburg  element  is 
given  by  [32] 


(3) 


n2F2AcV De 

Where;  is  the  imaginary  unit(/  =  V^T),  w  is  the  angular  frequency 
(rad  s  1 ),  W  is  the  Warburg  parameter  in  units  of  Q  s_1/2,  R  is  the  gas 
constant  (8.314  J  mol-1  K_1),  T  is  the  absolute  temperature  (K),  n  is 
the  number  of  electrons  transferred,  F  is  the  Faraday  constant 
(96,485  C  mol-1),  A  is  the  geometric  electrode  area  (m2),  c  is  the 
electrolyte  concentration  (mol  L_1),  and  De  is  the  effective  diffu- 
sivity  on  the  anode.  A,  c  and  n  can  be  considered  roughly  constant. 
The  equations  above  show  that  the  decrease  in  W  is  inversely 
proportional  to  the  increase  of  De.  In  this  study,  the  addition  of  2.5% 
and  5.0%  oc-FeOOH  decreased  W  from  0.47  to  0.42  Cl  s_1/2  (Table  1), 
indicating  that  the  diffusion  condition  (De)  was  promoted. 
However,  the  W  returned  to  0.46  Q  s-1^2  with  further  increment  to 
7.5%  in  oc-FeOOH  content,  which  was  consistent  with  the  power 
density  curve  in  context,  possibly  due  to  the  suppression  of 
biogenic  Fe(II)  adsorbed  on  the  goethite  which  could  result  in  the 
diffusion  problem  of  electron  donor  and  interfere  the  electron 
transfer  between  the  c-Ctys  protein  and  the  oxide  surface  [33]. 

According  to  the  decrease  of  Rct  after  oc-FeOOH  addition,  it  was 
confirmed  that  the  oc-FeOOH  in  anode  can  substantially  enhance 
the  EET.  Comparing  the  data  of  5.0%  and  7.5%  oc-FeOOH  added 
anodes  in  Table  1,  it  was  clearly  showed  that  the  dominant 
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differences  were  the  ohmic  resistance  (fts),  the  CPE  (Qdi)  and  the 
Warburg  parameter  (W),  not  the  charge  transfer  resistance  (Rc t), 
indicating  that  the  over  addition  of  oc-FeOOH  negatively  altered  the 
surface  conductivity,  the  capacitance  (the  capacitance  of  Fe(III) 
oxide  was  important  to  the  anode  performance  [21])  and  the 
diffusion  condition.  Further  investigation  should  be  conducted  to 
identify  the  mechanisms  in  detail. 

3.3.  Electrochemical  polarization  analysis 

The  Tafel  curves  (Fig.  5)  were  fitted  reasonably  well  ( R 2  >  0.999) 
at  the  overpotential  of  60-80  mV,  where  \{Fri)l{RT)\  >  1  [34].  Since 
(a  +  /?)  =  n,  the  n  value  obtained  is  similar  (0.9)  and  close  to  1, 
indicating  that  one  electron  reaction  was  the  rate  determining  step. 
Based  on  the  value  of  n,  the  slopes  (ba  and  bc)  and  electron  transfer 
coefficient  (a  and  (3)  of  anodic  and  cathodic  reaction  are  listed  in 
Table  2.  Tafel  slope  is  negatively  proportional  to  the  electron 
transfer  coefficient.  A  higher  oxidative  slope  (ba)  was  observed  in 
Tafel  analysis  than  the  reductive  slope  (bc)  for  MFC  anode,  corre¬ 
sponding  to  a  lower  oxidative  transfer  coefficient  (a)  than  the 
reductive  transfer  coefficient  (/?).  This  is  an  evidence  for  the 
stronger  oxidative  activity  for  the  anode  than  the  cathode.  Due  to 
the  logarithmic  relation,  polarization  depends  more  on  Tafel 
intercept  (a)  than  on  parameter  b  with  the  value  of  polarization  at 
the  unit  current  density.  Table  2  showed  that  the  a  value  of  the  oc- 
FeOOH  added  anodes  decreased  comparing  with  that  of  the  control, 
indicating  that  the  addition  of  oc-FeOOH  alleviated  the  activation 
loss.  This  result  was  consistent  with  that  obtained  in  RDAP  analysis. 
It  was  clearly  showed  that  MFC  operated  with  oc-FeOOH  content  of 
5.0%  had  the  highest  io  of  13.3  x  10-5  A  cm-2  and  KA  of  2.5,  while 
both  of  io  and  KA  decreased  when  oc-FeOOH  contents  were  7.5% 
(i0  =  10.9  x  10-5  A  cm“2  and  KA  =  2.0)  and  2.5% 
(io  =  9.4  x  IO-5  A  cm-2  and  KA  =  1.7).  The  lowest  io  of 
5.4  x  IO-5  A  cm-2  was  obtained  in  the  control.  The  tendency 
observed  in  kinetic  activity  was  in  fair  agreement  with  the  MFC 
power  generation,  further  confirmed  that  the  addition  of  a-FeOOH 
could  promote  the  EET.  Comparing  with  previous  results,  the 
maximum  KA  obtained  here  is  89%  higher  than  1.32  reported  in 
Fe304/AC/SSM  composite  anode  [21],  and  14%  higher  than  2.2  of 
Fe304/ceramic-graphite  composite  electrode  [8].  The  differences 
are  probably  due  to  the  characteristics  of  different  Fe  oxides.  These 
results  show  that  the  oc-FeOOH  can  be  a  good  choice  as  an  improver 
in  anode. 

CV,  particularly,  low  scan  rate  cyclic  voltammetry  (LSCV),  which 
favored  steady-state  condition  for  the  interfacial  electron  transfer 
between  the  bacteria  and  the  electrode  [35],  was  used  to  investi¬ 
gate  the  oxidation  and  reduction  behavior  of  different  anodes.  The 
voltammetric  wave  (Fig.  6A)  shows  that  the  peak  currents  (with  the 
point  at  DCV  =  0)  of  different  anodes  from  the  highest  to  the  lowest 
were  5.3  mA  (5.0%  a-FeOOH),  5.2  mA  (7.5%  oc-FeOOH),  5.0  mA  (2.5% 
oc-FeOOH)  and  4.9  mA  (the  control).  According  to  DCV  showed  in 
Fig.  6B,  the  oxidation  current  generated  by  stable-state  biological 


Table  2 

Kinetic  parameters  of  anodes  with  different  a-FeOOH  contents  from  Tafel  plots. 


a-FeOOH  content 

0  (control) 

2.5% 

5.0% 

7.5% 

n 

0.89 

0.89 

0.90 

0.90 

Electron  transfer 

a 

0.43 

0.40 

0.41 

0.42 

coefficient 

P 

0.47 

0.49 

0.49 

0.48 

Tafel  slope  (V  dec-1) 

ba 

0.07 

0.07 

0.07 

0.07 

bc 

0.06 

0.06 

0.06 

0.06 

Tafel  intercept  (V) 

aa 

0.67 

0.67 

0.64 

0.63 

ac 

0.56 

0.56 

0.52 

0.55 

i0  (10-5  A  cm-2) 

5.4 

9.4 

13.3 

10.9 

KA 

1.0 

1.7 

2.5 

2.0 

-0.8  -0.6  -0.4  -0.2  0.0 

Potential  vs  Ag/AgCl  (V) 

Fig.  6.  Cyclic  voltammetry  (A)  and  first  derivative  cyclic  voltammetry  (B)  of  MFCs  with 
different  a-FeOOH  contents. 

oxidation  of  acetate  rapidly  rose  at  potential  -0.43  V  (5.0%  and  7.5% 
oc-FeOOH  added  anodes)  or  -0.41  V  (2.5%  oc-FeOOH  added  anodes 
and  the  control)  and  reached  limiting  currents  at  the  potential 
of  -0.2  V  (vs.  Ag/AgCl).  The  significant  increase  in  current  reflects 
that  more  amounts  of  electrons  are  involved  in  charge  transfer 
when  oc-FeOOH  was  added,  accounting  for  the  acceleration  in  EET  as 
illustrated  by  the  EIS  and  Tafel  analysis  mentioned  above.  Unfor¬ 
tunately,  no  distinct  oxidation-reduction  peak  of  Fe  was  observed 
in  these  curves,  probably  due  to  the  effect  of  irregular  surface  of 
carbon  anode  and  the  relative  low  amount  of  Fe  on  the  anode 
surface.  As  the  ammonia  treatment  of  anodes,  we  have  found  that 
tiny  amount  of  N  increase  on  the  surface  of  carbon  mesh  (N/C  from 
2.6%  to  4.6%)  resulted  in  14%  increase  in  power  density  [10].  Thus,  it 
is  interesting  that  the  relative  low  increase  of  surface  element  on 
anode  brings  an  obvious  enhancement  of  the  performance.  More 
fundamental  research  works  should  be  performed  in  this  area  in 
the  future. 

4.  Conclusions 

The  addition  of  oc-FeOOH  enhanced  the  performance  of  the 
anode,  with  the  maximum  power  density  increased  by  36%  from 
508  ±  40  mW  m-2  (the  control)  to  693  ±  20  mW  itT2  (5.0%  a- 
FeOOH  added).  Increase  or  decrease  of  the  oc-FeOOH  content  to  2.5% 
or  7.5%  resulted  in  relative  lower  power  outputs.  Polarization 
kinetics  and  charge  transfer  resistance  analysis  demonstrate  that 
the  extracellular  electron  transfer  between  bacteria  and  the 
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electrode  was  enhanced  by  a-FeOOH  addition.  However,  the 
possible  resistances  from  surface  conductivity,  diffusion  and  the 
decrease  of  capacitance  resulted  in  the  decay  of  performance  when 
a-FeOOH  was  excessive.  Since  the  5.0%  a-FeOOH  added  anode  had 
a  high  kinetic  activity  of  2.5,  a-FeOOH  has  been  found  to  be  a  good 
choice  as  an  anodic  promoter  for  the  future  application. 
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